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It was found earlier that under matrix-assisted laser desorption/ionization (MALDI) condi-
tions several organic compounds which produce adduct with silver ions, are also capable of
forming adducts with Ag3
 cluster ions under appropriate conditions. The Ag3
 cluster ion can
be in situ generated under the MALDI analysis conditions from silver trifluoroacetate
cationization agent in the presence of organic MALDI matrices. In this article the fragmenta-
tion of a commercial plasticizer, a peracetylated isoflavone glycoside and a pyrazolylphenyl
disulfide derivative cationized with silver ions and Ag3
 cluster ions are compared. It was
observed that the complexes of Ag3
 are less fragmented than the corresponding adduct ions
with Ag. The presumable fragmentation channel of [M Ag3
] is the elimination of Ag2 units
from these complexes. No significant dissociation of [M  Ag3
], into M and Ag3
 takes place,
indicating a tight connection between the corresponding molecule and Ag3
 cluster ion.
However, with a compound carrying very labile groups, such as the pyrazolylphenyl disulfide
derivative, intramolecular cleavages can occur prior to significant dissociation of the Ag3

cluster ion. (J Am Soc Mass Spectrom 2004, 15, 879883) © 2004 American Society for Mass
SpectrometryRecently, it has been reported that silver clusters[1, 2] can be effectively produced under matrix-assisted laser desorption/ionization (MALDI) [3,
4] conditions from various silver salts in the presence of
various organic matrices. In our earlier results [2]
obtained on the silver clusters generated by MALDI, it
was observed that the ion intensities of the clusters
showed an odd-even alteration, as well as a sharp
decrease at particular cluster sizes called magic num-
bers as predicted by the Jellium model [5–7]. During the
analysis of some simple organic molecules when Ag
ion was used as the cationization agent, it was recog-
nized that besides the desired adduct ions, i.e., [M 
Ag], an additional peak originating from the [M 
Ag3]
 adduct ion also appeared but with relatively low
intensity with respect to those of the [M  Ag]. A
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doi:10.1016/j.jasms.2004.03.002number of questions arise, e.g., how does the cluster ion
affect the fragmentation of a molecule to which it is
attached with respect to the silver ion, and/or how can
an analyte molecule alter the fragmentation of silver
clusters with regard to the pure cluster ion? Answers to
these questions may provide additional information for
a better understanding of the electronic properties of
small size silver clusters as well.
In this article, we report a comparative post source
decay (PSD) MALDI MS/MS [8, 9] study of the frag-
mentation of three different organic compounds (a
commercial plasticizer, a peracetylated isoflavone gly-
coside, and a pyrazolylphenyl disulfide derivative) cat-
ionized with silver ions and the Ag3
 cluster ions. These
three substances were selected because of their impor-
tance as industrial materials or precursors of natural
compounds. It is also important to note that these
model compounds are expected to form adducts with
Ag and with single charged silver clusters, and they
can readily be fragmented under MALDI conditions.
Although, interaction of metal clusters produced by
laser vaporization method with small molecules, e.g.,r Inc. Received November 19, 2003
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13], to our best knowledge no report on the cationiza-
tion and on the fragmentation of cluster adduct ions
under MALDI conditions has been published.
Experimental
Chemicals
Diundecyl phthalate (C1) was received from Borsod-
Chem Co. (Kazincbarcika, Hungary). 7-(Hexa-O-acetyl-
-rutinosyloxy) isoflavone (C2) was synthesized as de-
scribed elsewhere [14]. 2-(1-Acetyl-5-phenylpyrazol-3-
yl)phenyl disulfide (C3) was synthesized as given
below. All other chemicals were purchased from Al-
drich (Schnelldorf, Germany).
Transformation of Thioflavone into 2-(5-
Phenylpyrazol-3-yl) Phenyl Disulfide
A mixture of 2-propanol (20 mL), N2H4H2O (5 mL,
100 mmol, 98%) and thioflavone (2.3830 g, 10 mmol)
was boiled for two days and then concentrated. The
syrupy residue was partitioned between CHCl3 and
water. The CHCl3 solution was dried (MgSO4), concen-
trated to a small volume and then kept stoppered under
air or, to hasten the disulfide formation under oxygen
atmosphere for about 2 weeks to obtain the title com-
pound (2.325 g, 92.5 %), m.p. 229–230 °C. For analysis,
a sample of the product was recrystallized from 2-me-
thoxyethyl ether with addition of water and dried at
100 °C/0.5 torr/P4O10 to afford the pure product, m.p.
230 °C.
2-(1-Acetyl-5-Phenylpyrazol-3-yl)Phenyl Disulfide
A mixture of 2-(5-phenylpyrazol-3-yl)phenyl disulfide
(1.000 g, 1.989 mmol), Ac2O (15 mL, 159 mmol) and a
catalytic amount of anhydrous 4-toluenesulfonic acid
was stirred at 115 °C (bath) for 5 h and then concen-
trated. The cold, syrupy residue was triturated with
water to give a solid (1.1647 g, 99.8 %). A solution of the
crude product in CHCl3 was treated with fuller’s earth
and charcoal, then concentrated to a foam which, when
dissolved in anhydrous ethanol (ca. 25 mL), kept at 4 °C
for three days and then in deep-freeze for one day,
afforded the amorphous, homogeneous solid product
(0.780 g, 66.8%).
Instrumentation
The MALDI-MS and PSD MALDI-MS/MS measure-
ments were performed with a Bruker BIFLEX III (Bre-
men, Germany) mass spectrometer equipped with a
time-of-flight (TOF) analyzer. In all cases 19 kV accel-
eration voltage was used with pulsed ion extraction
(PIE). The positive ions were detected in the reflectron
mode (20 kV). A nitrogen laser (337 nm, 3 ns pulse
width, 106–107 W/cm2) operating at 4 Hz was used to
produce laser desorption.
All of the PSD spectra were recorded by selection ofthe ion of interest using the pulser allowing 10 Da
from the center mass for selection. [The process in
which the ions with high internal energy, gained by the
ionization/desorption events, undergo fragmentation
in the first field-free region of the reflectron time-of-
flight type instruments is called post-source decay
(PSD)]. In each segment, the reflectron voltage was
decreased in 14–16 steps and 200–300 laser shots were
accumulated. The time for the decay process was in the
range of 12–18 s. The segments were pasted and
calibrated using an XMASS 5.0 software from Bruker.
The PSD was calibrated by means of the fragmentation
pattern of the adrenocorticotropic hormone (ACTH).
The analytes C1 and C2 at a concentration of 5
mg/mL in methanol (MeOH) were prepared with 2,5-
dihydroxybenzoic acid (DHB) matrix (20 mg/mL in
MeOH) and C3 at a concentration of 5 mg/mL in
tetrahydrofuran (THF) with dithranol (20 mg/mL in
THF). To enhance cationization, silver trifluoroacetate
(AgTFA) dissolved in MeOH or THF at a concentration
of 5 mg/mL was added to the matrix/analyte solution.
The solutions were mixed in 5:1:1 vol/vol ratio (matrix:
analyte:AgTFA). A volume of 0.5–1.0 L of these solu-
tions was deposited onto the sample plate (stainless
steel), and allowed to air-dry.
Results and Discussion
Our previous investigation on the silver cationization of
various compounds under MALDI conditions [2]
showed that besides the formation of [MAg] adduct
ions, generation of silver cluster ions also took place. In
addition to these single charged cluster ions, [M 
Ag3]
 adduct ions could also be produced. The inves-
tigated compounds along with their chemical structures
are summarized in Scheme 1.
A typical MALDI-TOF MS spectrum of Compound
C3 obtained in the presence of silver ions as the
cationization agent is shown in Figure 1.
This spectrum reveals the presence of C3 cationized
with sodium and potassium ions (due to the presence of
these ions in the sample), as well as those cationized
with Ag predomination, and with the Ag3
 cluster ion.
As seen in Figure 1, the signal intensity of [C3  Ag3]

is much lower than that of [C3  Ag]. The calculated
isotopic distribution for [C3  Ag3]
 is in good agree-
ment with the observed one (Figure 1 inset). Similar
adduct ions were formed from Compound C1 and C2
also with unambiguous presence of [MAg3
] ions. No
formation of [M  Ag2]
 or higher cluster adduct ions
e.g [M  Ag5
] were found in either cases under the
experimental conditions employed. We have shown
earlier [2] that most of the MALDI matrices are able to
reduce the silver ions in the gas-phase facilitating
cluster formation. In the absence of analyte molecules
the resulting cluster ion intensities showed alteration at
odd-even cluster sizes with significantly lower intensi-
ties at the even-size clusters compared with those of the
odd-size clusters, particularly at small cluster sizes. On
881J Am Soc Mass Spectrom 2004, 15, 879883 CATIONIZATION OF SIMPLE ORGANIC MOLECULESthe other hand, it was also recognized that the intensi-
ties at magic cluster numbers, especially at small clus-
ters, drop dramatically. This is the reason for the lack of
Scheme 1. The structure of the compounds investigated. Diun-
decyl phthalate (C1), 7-(hexa-O-acetyl--rutinosyloxy) isoflavone
(C2), and 2-(1-acetyl-5-phenylpyrazol-3-yl)phenyl disulfide (C3).
Ac and Ph stand for the acetyl and phenyl groups, respectively.
Figure 1. MALDI-TOF MS spectrum of C3 in th
(a) and the calculated (b) isotopic distribution
adduct ion, resolution is 3200 fwhm.[M  Ag2]
 and [M  Ag5]
 or adduct ions of higher
clusters in the present experiments. (The magic number
for the single positively charged silver clusters is 3 in
this region.)
In order to gain insight into the fragmentation of
these molecule-cluster adduct ions, PSD MALDI
MS/MS experiments were carried out. The precursor
ions of interest, i.e., [M  Ag] and [M  Ag3]
, were
selected for the fragmentation studies. The PSD MALDI
MS/MS spectra obtained with the selection of [M 
Ag3
] precursor ions for Compounds C1, C2, and C3 are
shown in Figure 2.
The fragmentation spectrum of C1 cationized with
silver ion (not shown) exhibits fragment ions at m/z
427.9, 279.2, and 254.9 which can be assigned to the
fragment ion formed by elimination of an alkenyl unit
(C11H22), to the fragment ion [C11H22OHAg]
, and to
[phtalic anhydride  Ag], respectively. The dissocia-
tion of the [C1  Ag] complex into C1 and Ag also
occurs to some extent as judged from the appearance of
peaks at m/z 107.0 and 109.1, masses characteristic of the
107Ag and 109Ag isotopes. The PSD MALDI-TOF
MS/MS spectrum of [C1  Ag3]
 (Figure 2a) shows the
decomposition of the precursor ion into [C1  Ag] at
m/z 582.2 by the elimination of an Ag2 unit. Breaking
down the complex into its constituents, i.e., C1 and Ag3

(at m/z 322.5), can also be recognized. These observa-
tions show that destruction of the cluster ion itself takes
place before the [M  Ag3]
 complex dissociates to
some extent, which is indicative of a relatively tight
association between C1 and Ag3
.
In the next experiments, a peracetylated isoflavone
glycoside (C2), whose adduct with silver ions showed
abundant fragmentation, was selected. In the PSD
MALDI MS/MS spectrum of [C2  Ag] (not shown)
esence of AgTFA. The inset shows the observed
[C3  Ag3]
 (composition: C34H26N4O2S2Ag3)
e pr
for
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acetic acid molecules (HOAc), i.e., [C2 HOAc Ag]
and [C2  2HOAc  Ag] appeared at m/z 846.1 and
786.6, respectively. On the other hand, significant frag-
mentation at the glycosidic bond between the isofla-
vone and the peracetylated disaccharide units was also
observed. The fragment ions resulting from this cleav-
age are [B2  Ag]
 and [Yo  Ag]
 appeared at m/z
668.9 and 345.9, respectively. (The type of fragment ions
was named as described by Domon and Costello [15].)
In addition, several fragment ions also occurred, which
can be deduced from B2 as [B2  xHOAc  yC2H2O 
Ag], where x and y are the numbers of the lost acetic
acid and ketene (C2H2O) units, respectively. Besides
these types of fragment ions, silver-depleted, i.e., qua-
siprotonated fragment ions such as B1
 at m/z 273.0 and
Yo
 at m/z 239.5 appeared, as was shown in a previous
work [16]. The PSD MALDI MS/MS spectrum of [C2 
Ag3]
 (Figure 2b) reveals less abundant fragmentation.
Significant fragmentation of the cluster ion by evapora-
tion of an Ag2 unit takes place by which a [C2  Ag]

fragment ion at m/z 907.5 is formed. No dissociation of
the adduct ion to C2 and Ag3
 was observed. These
findings indicate that the gas-phase interaction between
C2 and Ag3
 is stronger than the bonds within the silver
cluster. The presence of the fragment ion [C2  HOAc
 Ag] at m/z 846.5 could also be recognized. Addi-
tional fragment ions with silver ion, resulting from the
cleavage of the glycosidic bond [B2  Ag]
 at m/z 668.5,
as well as fragment ions due to the loss of acetic acid
and ketene units ([B2  HOAc  Ag]
 at m/z 608.9 and
[B2  HOAc  C2H2O  Ag]
 at m/z 566.6) are also
present in the MS/MS spectrum.
In the third case, a pyrazolylphenyl disulfide deriv-
ative (C3) was selected. The organic disulfides are
Figure 2. PSD MALDI-TOF MS/MS spectra of
(c).expected to readily fragment under PSD conditions
owing to the presence of the labile disulfide bond. In the
PSD MALDI MS/MS spectrum of [C3  Ag] (not
shown) the fragment ion [C3  C2H2O  Ag]
 at m/z
653.1 (formed by the loss of a ketene unit from the
precursor ion) appeared together with those formed by
the cleavage at the disulfide bond. Fragmentation at the
disulfide bond yields fragment ions [C3/2H Ag],
[C3/2  C2H2O  H  Ag]
 (where H represents
addition of a hydrogen atom to the fragment residue),
[C3/2], and [C3/2  C2H2O]
 at m/z 401.2, 358.9,
292.9, and 251.4, respectively. The latter two fragment
ions are silver-depleted cations that can be derived from
the heterolytic cleavage of the sulfur™sulfur bond pro-
ducing a neutral silver salt and a charged residue. The
PSD MALDI MS/MS spectrum of [C3  Ag3]
 (Figure
2c) shows the fragmentation of the intramolecular
bonds of both of the C3 and the Ag3
 clusters. The
presence of the fragment ions formed by the loss of
ketene units [C3 C2H2O Ag3]
 at m/z 869.1 and [C3
 2C2H2O  Ag3]
 at m/z 827.2 may indicate that the
bond within the silver cluster is stronger than the bond
of the acetyl group. Fragmentation of [C3  Ag3]
 into
[C3  Ag] is observed at m/z 695.3. As mentioned
above, this type of fragmentation was also observed in
the case of [C1  Ag3]
 and [C2  Ag3]
. The fragment
ion [C3/2  C2H2O  H  Ag3]
 formed by breaking
of the disulfide and the acetyl bonds also occurred in
the PSD spectrum ( m/z 575.1). An interesting finding is
the appearance of the fragment ions [C3/2HAg2]

(at m/z 509.9) and [C3/2  C2H2O  H  Ag2]
 (at m/z
467.5). This reveals that the cluster ion Ag2
 remains
relatively stable when it is attached to the fragments
C3/2  H and C3/2  C H O  H. No formation of
 Ag3]
 (a), [C2  Ag3]
 (b) and [C3  Ag3]
[C12 2
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Ag3]
 into C3 and Ag3
 were observed.
Our earlier PSD studies [2] on the naked Ag3
 cluster
showed its fragmentation to Ag by emission of an Ag2
dimer. No fragmentation by the loss of a single Ag atom
was observed. These investigations reveal that the Ag2

cluster is unstable under our PSD conditions; others
have also experienced similar results with a laser evap-
oration method using CID fragmentation [17, 18]. In the
case of Compounds C1 and C2 the fragmentation of
Ag3
 present in the complexes proceeds similarly to that
of the naked Ag3
 itself. According to the Jellium model
[5–7], clusters with an even-number of valence electrons
are more stable than the adjacent clusters containing
odd-number valence electrons. This means that the
odd-number single positively charged clusters possess
higher stability than the neighboring even-number clus-
ters. On the other hand, in the case of the C3  Ag3

adduct ion we came to the conclusion that the charge
state of the cluster Ag2 is close to the neutral, and the
positive charge is localized mainly on the aromatic
systems. In addition, it is expected that the silver ion
and/or silver clusters interact strongly with the sulfur
atom owing to the soft character (according to Pearson’s
classification [19] for acids and bases) of both silver and
sulfur. These experiments illustrate that the electronic
properties of the cluster ions can be altered through the
interaction with an appropriate molecule.
Conclusions
The PSD MALDI MS/MS studies on three different
compounds cationized with the Ag3
 cluster ion showed
that the fragmentation of these adduct ions are predom-
inantly governed by the interaction between the analyte
and the cluster ion. It was also shown that a strong
interaction of a molecule with a cluster ion may result in
the alteration of the fragmentation channel of the silver
cluster ion. In addition, PSD MALDI MS/MS offers a
relatively inexpensive method to gain information on
the gas-phase molecule-cluster ion complexes.
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